Mice lacking mdr1-type P-glycoproteins ( mdr1a/1b [ Ϫ / Ϫ ] mice) display large changes in the pharmacokinetics of digoxin and other drugs. Using the kinetics of digoxin in mdr1a/1b ( Ϫ / Ϫ ) mice as a model representing a complete block of P-glycoprotein activity, we investigated the activity and specificity of the reversal agent SDZ PSC833 in inhibiting mdr1-type P-glycoproteins in vivo. Oral PSC833 was coadministered with intravenous 
Introduction
The mdr1-type or drug-transporting P-glycoproteins (P-gps) 1 were discovered by their ability to confer multidrug resistance (MDR) to mammalian tumor cells. These large plasma membrane proteins can actively transport a wide range of structurally diverse cytotoxic drugs out of the cell, rendering it resistant to the toxic action of the drugs. Compounds transported by P-gp include many clinically important drugs such as anticancer agents (e.g., Vinca alkaloids, anthracyclines, epipodophyllotoxins, taxanes), but also immunosuppressive drugs (cyclosporin A, FK506), anthelmintic agents (ivermectin), steroids (aldosterone, hydrocortisone, dexamethasone) and cardiac drugs (digoxin), to name just a few (1) (2) (3) (4) (5) .
The potential involvement of MDR1 P-gp in the MDR frequently observed during chemotherapy of human clinical tumors has led to efforts to inhibit P-gp-mediated drug transport with pharmacological inhibitors of P-gp. These compounds, called reversal agents or P-gp modulators, appear to inhibit P-gp activity mostly by competing with the binding and/or transport of a transported drug. Reversal agents are as widely divergent in structure as the known drug substrates for P-gp, and many are themselves also transported (6, 7) . Initial efforts to treat patients with MDR tumors in a combination treatment with a reversal agent met at best with very limited success, but the early reversal agents were relatively inefficient, and their dosage was severely limited by inherent toxicity to the patient (8) (9) (10) . Recently, however, more effective and less toxic reversal agents have become available (11) (12) (13) (14) (15) . PSC833, a nonimmunosuppressive cyclosporin A analogue is one of the most effective, and clinical trials with this compound are currently ongoing (see reference 10) .
It can be expected that administration of effective reversal agents will also inhibit the function of the MDR1 P-gp present in a range of normal tissues, and the physiological and pharmacological consequences of this treatment cannot be predicted in the absence of clear insight in the normal function of MDR1 P-gp. To establish the physiological and pharmacological function of the mdr1-type P-gps, we have generated mice with a genetic deficiency in both the mouse mdr1a and mdr1b genes (16, 17) . Unlike man, mice have two highly homologous mdr1-type genes encoding drug-transporting P-gps, but the tissue distribution and subcellular localization of these P-gps strongly suggest that they fulfill essentially the same role(s) as the single human MDR1 P-gp. Typically, the mouse mdr1a P-gp is abundant in the apical membrane of epithelial cells throughout the intestine, in biliary canalicular membranes of hepatocytes, and in the luminal membrane of endothelial cells in blood capillaries in the brain, i.e., at the blood-brain barrier. Mouse mdr1b P-gp is especially prominent in adrenal gland plasma membranes and endometrium of pregnant uterus, and it further occurs in kidney, liver, and the hematopoietic compartment (16) (17) (18) (19) (20) . Human MDR1 P-gp has been found in intestinal epithelial cells, biliary canalicular membranes, the luminal surface of proximal tubules in the kidney, in the blood-brain and blood-testis barriers, the adrenal gland, and in the hematological compartment (21) (22) (23) (24) .
Mice deficient for the mdr1a and mdr1b P-gps ( mdr1a/1b ( Ϫ / Ϫ ) mice) are viable and fertile, and so far we have not found any physiological abnormalities in these mice under lab-oratory conditions (17). We have, however, demonstrated profound changes in the pharmacological handling of a range of drugs by these mice and by mdr1a ( Ϫ / Ϫ ) mice, including highly increased brain penetration, and drastically altered elimination, excretion, and oral bioavailability of drugs, sometimes resulting in strikingly altered toxicity (16, 17, (25) (26) (27) (28) (29) .
In this study we have used the mdr1a/1b ( Ϫ / Ϫ ) mice as a reference model to establish how effective and how specific the P-gp-inhibiting action of the reversal agent PSC833 is in vivo. We used [ 3 H]digoxin as a model P-gp substrate drug in view of its comparatively low toxicity in rodents (30) , and its highly P-gp dependent pharmacokinetics in mice (17, 25, 27) .
Methods

Drugs.
[ Drug distribution and excretion experiments. The experiments were carried out in female mice of a mixed genetic background (on average 50% FVB, 50% 129/Ola). The mice were between 10-14 wk of age. All animal experiments were carried out according to institutional guidelines, in compliance with Dutch national law.
A stock solution of 50 mg/ml PSC833 was prepared in ethanol (33% vol/vol) and cremophor EL (65% vol/vol), and was further diluted in 5% (wt/vol) glucose to a final concentration of 5 mg/ml. For control experiments the same solution was prepared without adding PSC833. To achieve a dosage of 50 mg/kg mouse body weight, PSC833 or the control solution were administered at 10 l/g body wt by transoral intragastric injection 2 h before digoxin application, using a blunt-ended needle. The unlabeled digoxin stock ( For drug distribution experiments, mice were killed 4 or 24 h after digoxin administration ( n ϭ 4). Plasma, tissues and intestinal contents were collected. Urine and excreted feces were collected using metabolic cages. Bile cannulation experiments were carried out as described previously (27) . In brief, mice were anaesthetized using a combination of Hypnorm (1 part), Dormicum (1 part), and 5% glucose (2 parts). 4 l/g body wt of the anaesthetic solution was administered intraperitoneally to mice, which had received PSC833 2 h before the cannulation experiment. In control mice 6 l/g body wt was injected intraperitoneally After opening the abdominal cavity, the common bile duct was ligated and a catheter was inserted into the gallbladder. [ 3 H]digoxin was administered intravenously and bile was collected for 90 min. At the end of that period mice were killed, and organs, intestinal contents, and plasma were collected.
Acute side effects of PSC833 at a dose of 50 mg/kg were not observed. In bile cannulation experiments, however, both wild-type and mdr1a/1b ( Ϫ / Ϫ ) mice appeared significantly more sensitive to the anaesthesia (midazolam-fluanisone-fentanyl) when pretreated with PSC833. Hence, a 40% reduction of the dose of the anaesthetics in comparison to control mice was necessary. A small-scale toxicity experiment, giving the anaesthetic components as a single drug, showed that this was due to an increased sensitivity to fentanyl after PSC833 administration (data not shown). A very similar effect was previously demonstrated with cyclosporin A in combination with fentanyl (31), and it seems likely that a comparable mechanism is involved.
For scintillation counting, tissues and intestinal contents were homogenized in 4% (wt/vol) BSA, before a fixed amount of each homogenate, urine, bile or plasma were transferred to Ultima Gold Scintillation Fluid (100 l for plasma, 25 l for bile and urine, 200 l for homogenates).
Measurement of bile acids and phosphatidylcholine in bile samples. Female wild-type mice (50% FVB, 50% 129/Ola, between 10-14 wk of age) were used. Mice received oral PSC833 (50 mg/kg) or cremophor-containing vehicle alone ( n ϭ 8). 2 h later the gallbladder of the anaesthetized mice was cannulated, and bile was collected over 90 min. Determination of bile acids in bile was performed using 3-hydroxysteroid dehydrogenase (32) . Phosphatidylcholine excretion into bile was determined by using the choline oxidase method (33) .
For determination of PSC833 levels in brain and plasma, 100 l of the sample was extracted with 1000 l of methanol by vigorous vortexing for 1 min. After centrifugation (4,000 g , 5 min, 4 Њ C) the supernatant was decanted and evaporated to dryness under a vacuum at 50 Њ C. Each extract was then reconstituted in an appropriate volume of phosphate buffer (containing human plasma, monoclonal antibody against cyclosporin A, dihydro-[G-3 H]SDZ PSC833 tracer, and charcoal), and PSC833 concentration was determined by specific radioimmunoassay according to an internal standard operating procedure.
Statistical analysis. Student's unpaired t test was used to test the statistical significance of a difference between two sets of data. P Ͻ 0.05 was considered statistically significant.
Results
To study the in vivo efficacy and specificity of PSC833 in inhibiting P-gp-mediated transport of [ was not significantly altered by PSC833 treatment (Fig. 2 A ) . It thus appears that oral PSC833 can completely inhibit excretory P-gp-mediated [ In previous gallbladder cannulation experiments we found that the excretion of [ 3 H]digoxin into bile over 90 min was only moderately, albeit significantly, decreased in mdr1a/1b ( Ϫ / Ϫ ) mice when compared with wild-type mice (17). Therefore, transporters other than the mdr1-type P-gps must also be involved in the biliary excretion of digoxin. Interestingly, when PSC833 was coadministered with [ 3 H]digoxin, biliary excretion of the drug substantially dropped in both wild-type and mdr1a/ 1b ( Ϫ / Ϫ) mice from 14-21% to Ͻ 5% of the initially given dose (Fig. 2 B) (Table I) .
In rats, high-dose oral cyclosporin A (CsA) substantially decreases bile salt and phospholipid output into bile as well as the bile flow (F. Kuipers, personal communication; 34). As PSC833 is a CsA analogue, we also tested these parameters in the PSC833-treated mice. The parameters were not altered in untreated mdr1a/1b (Ϫ/Ϫ) mice (17), indicating that direct involvement of the mdr1-type P-gps in the measured processes is unlikely. We determined bile salt and phospholipid excretion as well as bile flow in wild-type mice pretreated with PSC833 or with cremophor alone. As shown in Table II , the PSC833 treatment did not significantly affect any of the measured parameters (P Ն 0.10), indicating that oral PSC833 treatment at this dosage does not affect bile flow, bile salt transport, or phospholipid excretion mediated by the mdr2 P-gp. Thus, it is unlikely that alterations in bile composition or bile flow could explain the observed decrease in hepatobiliary [ To investigate to what extent orally administered PSC833 can also block P-gp activity in the blood-brain barrier, we determined the brain distribution of [ 3 H]digoxin 4 and 24 h after intravenous administration to wild-type or mdr1a/1b (Ϫ/Ϫ) mice with or without pretreatment with PSC833. Table III shows the plasma and brain concentrations obtained in this experiment. Two factors complicate the interpretation of these 19 -fold. The resulting brain to plasma ratio (0.47) was 63% of that found in PSC833-treated mdr1a/1b ( Ϫ / Ϫ ) mice (0.75), whereas the plasma levels in these groups were comparable (28.4Ϯ8.1 vs. 35.3Ϯ4.6 ng/ml; see Table III ). These data indicate that orally administered PSC833 can extensively, albeit not completely, inhibit P-gp-mediated [ Table 1) .
The 24-h distribution data (Table III) An obvious explanation for the strongly diminished effect of PSC833 on the brain/plasma distribution ratio in wild-type mice 24 h after [ 3 H]digoxin administration could be that the PSC833 plasma concentration had dropped below levels sufficient to effectively inhibit P-gp activity in the blood-brain barrier. Measurement of plasma PSC833 levels yielded concentrations of 6-8 g/ml, 3-4 g/ml, and 0.5-0.7 g/ml at 0, 4, and 24 h, respectively, after [ 3 H]digoxin administration (i.e., 2, 6, and 26 h after PSC833 administration; Fig. 3 ). Plasma PSC833 concentrations did not differ significantly between wild-type and mdr1a/1b (Ϫ/Ϫ) mice at these time points. If the optimal inhibition of blood-brain barrier P-gp requires plasma PSC833 levels of at least 3 g/ml, this could well explain the results obtained in Table III. Interestingly, 6 h after PSC833 administration, brain/ plasma ratios for PSC833 itself did not differ significantly between wild-type and mdr1a/1b (Ϫ/Ϫ) mice, but 26 h after administration PSC833 was nearly completely eliminated from wild-type brain but not from mdr1a/1b (Ϫ/Ϫ) brain (Fig. 4) . Since the plasma levels at this time point were roughly comparable, this suggests that mouse mdr1-type P-gp can transport PSC833 to some extent, although probably not efficiently. This is in line with the recent finding that in vitro, MDR1-transfected polarized pig kidney cells transport PSC833, but only with a low V max (Smith et al., manuscript submitted for publication). Bile acids (nmol/min/100 g) 415Ϯ126 517Ϯ132 Phospholipids (nmol/min/100 g) 68Ϯ13 73Ϯ31 Bile acid/phospholipid ratio 6.1Ϯ1.1 7.7Ϯ2.6 Bile flow (l/min/100 g) 7.0Ϯ0.9 6.1Ϯ1.0 PSC833 was administered orally at 50 mg/kg 2 h before cannulation of the gallbladder. As a control, mice received vehicle (cremophor EL) alone at the same time schedule. Values given are meansϮSD (n ϭ 8), and expressed as units per min per 100 g of liver tissue. 
Discussion
This study documents two potentially important pharmacological effects of an effective reversal agent: it shows that orally administered PSC833 can completely inhibit the intestinal P-gp-mediated excretion of [ 3 H]digoxin, and it demonstrates that orally administered PSC833 can extensively inhibit P-gp activity in the blood-brain barrier. In view of the significance of P-gp activity in these prominent pharmacological barriers for many different drugs, these findings may lead to several pharmacological applications as discussed below. Our data further indicate that oral PSC833 treatment can substantially inhibit the hepatobiliary [ 3 H]digoxin excretion activity in the liver that is probably partly mediated by mdr1-type P-gps, but also by at least one other hepatic digoxin transporter (and possibly more).
Our previous work with mdr1a knockout mice has demonstrated that the intestinal P-gp activity has a profound effect on the efficiency and pattern of excretion of [ ]digoxin excretion from a predominantly fecal, to a predominantly urinary route. The fecal excretion of paclitaxel dropped from 40% (intravenous administration) or 87% (oral administration) in wild-type mice to Ͻ 3% in mdr1a (Ϫ/Ϫ) mice (29) . Moreover, the oral bioavailability of paclitaxel increased more than three-fold, from 11 to 35%, even after correction for the slower elimination of paclitaxel in mdr1a (Ϫ/Ϫ) mice.
As the range of drugs that are substrates for P-gp is nearly endless (2, 35) , the phenomena observed for digoxin and paclitaxel will probably extend to a large number of other drugs, albeit to varying extents depending on the specific properties of each drug and its handling by the organism. Given the dominant pharmacological role of intestinal P-gp, we expect that the possibility to inhibit its activity completely with an orally administered reversal agent as demonstrated in this study will have several pharmacological applications.
One of the most obvious applications is to increase the oral bioavailability of drugs that are poorly or variably absorbed because of P-gp activity in itself, or because of P-gp activity in combination with intestinal cytochrome P450 activity. This may resolve a major problem in pharmacology (36) (37) (38) (39) . Indeed, recent experiments have shown that co-administration of oral PSC833 increased the oral area under the plasma-time curve (AUC) for paclitaxel in wild-type mice more than 10-fold (40) . In addition, Leu and Huang (41) demonstrated that intravenous administration of the P-gp inhibitor quinidine could increase absorption of the P-gp substrate drug etoposide in a rat intestinal perfusion model. Clearly, further experiments are needed to establish the relevance and applicability of this principle in humans, and to determine for what drugs it will apply.
The extensive inhibition of P-gp activity in the blood-brain barrier by oral PSC833 treatment may also have consequences for the pharmacological application of many drugs. In addition to our [ Figure 3 . Plasma levels of PSC833 in wild-type and mdr1a/1b (Ϫ/Ϫ) mice. PSC833 plasma levels were determined by immunodetection at 2, 6, and 26 h after oral PSC833 administration at 50 mg/kg (i.e., 0, 4, and 24 h after intravenous [ mectin, domperidone, and loperamide (16, 26) . In addition, we found increased brain accumulation of many other drugs in mdr1a (Ϫ/Ϫ) mice, without extensively pursuing the potential changes in CNS toxicity or pharmacodynamic effects (16, 25, 26) . For the drug loperamide we demonstrated a qualitative change in pharmacological effects, as its increased brain accumulation in mdr1a (Ϫ/Ϫ) mice turned it from a peripherally active antidiarrheal drug into an opiate with strong morphinelike activity in the CNS.
Thus, the feasibility of extensively inhibiting blood-brain barrier P-gp activity by administering a reversal agent poses both a potential risk and a window of pharmacological opportunity. The risk is clear: increased CNS toxicity of many different drugs that normally hardly enter the brain owing to P-gp activity. This risk may be further compounded by an increase in plasma levels of the drug, as was already demonstrated in many clinical trials (10) . Current clinical trials aimed at treating multidrug resistant cancer using effective P-gp inhibitors should thus be cautiously monitored for inadvertant CNS toxicity of any of the drugs concomitantly administered to the patients. For example, Didier and Loor (43) found that oral coadministration of PSC833 increased the sensitivity of mice to ivermectin more than tenfold, although this study did not measure directly whether the increase in toxicity was mainly due to increased plasma levels, or increased brain/plasma ratios for ivermectin.
The window of opportunity may be less obvious, as its real potential still has to be investigated. A conceptually simple application may be to improve chemotherapy of tumors in the CNS that are effectively protected from cytotoxic agents in the bloodstream by P-gp in the blood-brain barrier. Clearly, in this application one should take great care to avoid drugs that are intrinsically toxic to normal brain cells. Of perhaps more interest, however, is the possibility to open the CNS to the therapeutic potential of drugs that normally do not enter the brain because of efficient back-transport by P-gp, as was the case with loperamide. In view of the amazing number and structural diversity of P-gp substrates (likely also including many derivatized peptide and peptidomimetic drugs), we expect that there will be many more compounds with potential therapeutic properties in the brain that now cannot be applied clinically as they do not enter the CNS because of P-gp (44) . Using proper precautions, coadministration of PSC833 or other effective P-gp inhibitors may circumvent this stumbling block, and thus free an entire new range of drugs useful for combatting CNS disorders.
It is as yet unclear by what mechanism PSC833 affects the brain/plasma distribution of [ 
